The feasibility of using synthetic niobia, both pure and modified with H 2 O 2 , as adsorbents for the removal of Cd 2+ ions from aqueous solution has been studied. Different adsorption isotherms were obtained using Cd 2+ ion concentrations ranging from 10 mg/ to 500 mg/ . At an initial pH value of 4.5, the Cd 2+ ion adsorption capacity of synthetic niobia at 298 K was estimated as 182 mg/g. The Freundlich adsorption isotherm model gave the better fit to the equilibrium adsorption data for Cd 2+ ions. The thermodynamic parameters for the studied system showed that the adsorption process was spontaneous and endothermic. The results obtained suggest that niobia may be employed as an efficient material for the removal of Cd 2+ ions from aqueous solution.
INTRODUCTION
Heavy metal ions have become an ecological and toxicological hazard of prime interest and increasing significance because of their accumulation in living organisms. The conventional methods for the removal of heavy metal ions from water and wastewater include oxidation, reduction, precipitation, membrane filtration, ion exchange and adsorption (Rao et al. 2006; Oliveira et al. 2007 ). Among these methods, adsorption is highly effective and economical. However, adsorption with activated carbon, which possesses a high surface area and a porous structure, is an efficient but expensive alternative. Furthermore, this adsorbent has a limited re-utilization as a result of loss during the recovery process. Hence, an alternative low-cost adsorbent is needed (Lima et al. 2008; Pergher et al. 2005 ).
An increasing interest in materials containing niobium has arisen in recent decades, mainly due to their application in different technological fields and the relative abundance of this element (Ziolek 2003) . Niobium-based materials are effective catalysts for many catalytic reactions. The literature reports a significant number of patents and papers describing various uses of niobium-based catalysts. Thus, for example, niobium oxide (Nb 2 O 5 ) is a highly effective oxide support material for metallic catalysts (Tanabe and Okazaki 1995; Esteves et al. 2008) . Brazil is the leading producer of niobium with 60% of worldwide production, thereby justifying the increasing interest in Brazil of using such a source as the starting material for different processes (Guimaraes et al. 2008) .
Thus, the aims of the present work were to synthesize and evaluate a pure niobium oxide obtained by an innovative synthetic route, subjected to surface modification with hydrogen † Published in the Festschrift of the journal dedicated to Professor Giorgio Zgrablich on the occasion of his 70th birthday and to celebrate his 50 years as a faculty member at the National University of San Luis in Argentina. * Author to whom all correspondence should be addressed. E-mail: luizoliveira@qui.ufmg.br. peroxide according to our previous work (Silva et al. 2009 ), in the adsorption of the heavy metal ion, Cd 2+ . In addition, the influence of the temperature and pH on the adsorption of Cd 2+ ions using these materials has been evaluated in this study. It has been shown that the use of niobium oxide synthesized by this new route and also modified by hydrogen peroxide has a remarkable effect on the uptake of Cd 2+ ions from aqueous media.
EXPERIMENTAL

Synthesis
Synthetic niobia was prepared by the slow dropping of a 1 mol/ NaOH solution into a 500 m Teflon beaker containing 25 m of 0.26 mol/ [NH 4 [NbO(C 2 O 4 ) 2 (H 2 O)](H 2 O) n solution 1 at 70 °C under vigorous stirring. The solids obtained were washed with distilled water until the pH of the wash water was neutral and then oven-dried for 12 h at 70 °C.
Then 300 mg of the product thus obtained was treated for 30 min with a solution consisting of 8 m of 30 v/v% aqueous hydrogen peroxide in 80 m of water. After this contact time, the solid was washed with distilled water and oven-dried for 12 h at 70 °C. This treatment was designed to develop the greatest number of active sites on the surface of the material.
Characterization of the material
XPS was performed by using Mg Kα radiation (hν = 1253.6 eV) and a VG hemispherical electron-energy analyzer using 20 eV energy, maintaining the chamber pressure during the measurements at approximately 10 -9 Torr. The binding energies were corrected for the charging effect by assuming a constant binding energy of 284.6 eV for the C1s peak. Scanning electron microscopy (SEM) was undertaken via a JEOL-JKA 8900RL instrument employing samples coated with Au by sputtering methods affixed to a double-sided carbon tape.
To identify the chemical functional groups present on the materials and the metal ion (Cd 2+ )-loaded niobia, IR measurements were undertaken using a Digilab Excalibur FTS 3000 spectrometer in the diffuse reflectance (DRIFT) mode. Such data were obtained for wavenumbers over the 4000-400 cm -1 range and processed with the IRDM (IR data manager) program. To improve the reflectivity of the samples, the materials were diluted with KBr at a KBr/niobia ratio of 100:4.
The points of zero charge (pH PZC ) of the niobia samples were determined from zeta potential measurements obtained using a Micromeritics model 1202 apparatus and maintaining the ionic strengths of the solutions constant.
Cadmium ion adsorption
The extent of Cd 2+ ion adsorption was determined by batch analyses using a series of adsorption flasks each containing 10 mg of the respective niobia sample in contact with 10 m of Cd(NO 3 ) 2 • 4H 2 O solutions containing increasing concentrations of Cd 2+ ions (0, 10, 20, 50, 100, 250 and 500 mg/ ). The effect of pH on the adsorption process was evaluated by maintaining the solution pH constant at 2.0 ± 0.1, 4.5 ± 0.1 and 6.0 ± 0.1, respectively. All the pH values were recorded via a TEC-3MP digital pH meter and adjusted by adding either HCl or NaOH to the adsorption solutions. All the adsorption flasks were maintained for 24 h at 298 K in a temperaturecontrolled water bath. The effect of temperature on the adsorption process was examined under isothermal conditions at 283.0 K, 298.0 K, 318.0 K and 338.0 K with a temperature variation of ± 0.5 K at each temperature. Cadmium ion concentrations under equilibrium conditions were determined by atomic absorption spectroscopy (PerkinElmer AAnalyst 800).
Adsorption isotherms
The amounts of Cd 2+ ions adsorbed by the niobia samples were calculated via equation (1): (1) where q eq is the amount of cadmium ions adsorbed (mg/ ), C 0 is the initial adsorbate concentration (mg/ ), C eq is the equilibrium adsorbate concentration (mg/ ), v is the solution volume and w is the weight of adsorbent employed.
The isotherms were evaluated using two models, viz. those of Langmuir and Freundlich. Langmuir's isotherm model suggests that monolayer adsorption occurs onto a homogeneous surface (Ziolek 2003) . The model may be expressed mathematically by equation (2): ( 2) where q m (mg/g) and K L ( /mg) are Langmuir constants related to the adsorption capacity and the adsorption energy, respectively. The linear form of the Langmuir model can be expressed as in equation (3):
(3)
The Freundlich model [equation (4) -non-linear form and equation (5) -linear form] is an exponential equation and as a result assumes that the adsorbate concentration on the adsorbent surface increases as the adsorbate concentration in the solution increases:
where K F ( /g) and n are the Freundlich constants, which are characteristics of the system indicating the adsorption capacity and intensity, respectively. The Freundlich isotherm equation is widely applied to heterogeneous systems and suggests that the adsorption process occurs in a multi-layered fashion (Ziolek 2003) .
RESULTS AND DISCUSSION
Characterization of the materials
Scanning electron microscopy (SEM) was employed to characterize the morphology of the materials. Figure 1 shows the SEM micrographs for the synthetic niobia before and after treatment with hydrogen peroxide. The results obtained indicate the formation of irregular and small crystals of pure niobia which, after treatment with hydrogen peroxide, are converted into an agglomeration of crystals increasing in crystallite size. The DRIFT spectra of the niobia samples before adsorption ( Figure 2) the presence of coordinated water molecules (Prado et al. 2008) . After the adsorption of Cd 2+ ions, the band in the 3600-3000 cm -1 region diminished in intensity, indicating that adsorption had occurred on the surface hydroxyl groups. Moreover, the samples showed a broad band centred at 640 cm -1 which could be attributed to the formation of Nb-O-Nb linkages (Sarkar and Pramanik 2009). The O1s region of the IR spectrum for both the original synthetic niobia and for niobia subjected to hydrogen peroxide treatment (niobia//H 2 O 2 ) was also examined. Analysis of the corresponding spectra showed the presence of two peaks at 529.9 eV and 532.1 eV for niobia//H 2 O 2 . The main peak at 529.9 eV was related to the oxygen anions, O 2-, bound to the metal cations in the lattice (Wojcieszak et al. 2006 ). The second peak at 532.1 eV could be attributed to the formation of other oxygenated groups (peroxo species) on the niobia surface (niobia//H 2 O 2 ). Many authors have reported the formation of peroxo groups with transition metal ions (W, Mo, V, Nb) in the presence of hydrogen peroxide in aqueous medium [see Maniatakou et al. (2008) ].
The synthetic niobia and niobia//H 2 O 2 exhibited acidity values of 1.63 and 1.43 mmol H + /g niobia, respectively. It is interesting to observe that the acidity decreased after treatment with H 2 O 2 , thereby suggesting that treatment with H 2 O 2 led to the generation of peroxo groups on the niobia surfaces which partly replaced the existing hydroxyl groups.
Adsorption tests
Effect of pH on the adsorption process
The removal of metal ions from aqueous solution by adsorption is highly dependent on the solution pH which affects the surface charge and the degree of ionization of the adsorbate (Gundogan et al. 2004; Kumar and Bandyopadhyay 2006) .
Cadmium ions in water exists as Cd 2+ , Cd(OH) + , Cd(OH) 0 2 and Cd(OH) 2 (s) species (Snoeyink and Jenkins 1980) . The concentration of hydrolyzed cadmium species depends on the initial cadmium ion concentration and the solution pH. It is obvious that, in the alkaline range, precipitation plays the main role in the removal of Cd 2+ ions as a consequence of the formation of Cd(OH) 2 (s). To verify the effect of pH on Cd 2+ ion adsorption by synthetic niobia and niobia//H 2 O 2 , experiments were undertaken at different initial pH values. The results presented in Figure 3 overleaf indicate that Cd 2+ ion adsorption was significantly affected by the pH value, increasing as the initial pH of the system increased. The maximum extent of Cd 2+ ion adsorption was observed at pH ≥ 4.5 for all the adsorbents studied.
The greater adsorption capacity at pH ≥ 4.5 can be explained by the modification of the adsorption sites on the surfaces of the materials with changing solution pH. The adsorption of cations is favoured at pH > pH PZC (pH PZC = 4.6), while the adsorption of anions is favoured at pH < pH PZC . It is well known that Cd 2+ ions are the sole ionic species present in aqueous solution at pH < 6. Thus, at pH < pH PZC , the surface is positively charged. Under these conditions, the uptake of Cd 2+ ions would be quite small due to the electrostatic repulsion existing between the niobia surface and the positively charged metal ions. With increasing pH (pH > pH PZC ), the number of negatively charged sites on the niobia surface would increase, thereby favouring the adsorption of cations via electrostatic attraction. Moreover, the greater capacity for Cd 2+ ion adsorption by synthetic niobia relative to niobia//H 2 O 2 may be related to a higher concentration of hydroxyl groups, as supported by the infrared spectroscopic data. In other words, the adsorbed amount by the oxide simply reflected the affinity of the metal ions to the surface -OH groups present in the oxide. In fact, it has been reported that treatment of niobia with H 2 O 2 promotes the conversion of -OH groups to peroxo groups.
Effect of temperature on the adsorption process
To study the effect of the temperature (at 283, 298, 318 and 338 K) on Cd 2+ ion adsorption by synthetic niobia, experiments were performed at different initial Cd 2+ ion concentrations but at constant times (8 h) and constant pH values (4.5). The results are displayed in Figure 4 . The adsorbed amount of Cd 2+ ions increased slightly with increasing temperature over the range 283-338 K. The observed increase in the adsorption capacity with increasing temperature shows that the adsorption of Cd 2+ ions onto synthetic niobia was favoured at higher temperatures. In other words, increasing the temperature appeared to promote cation adsorption probably because of improved species diffusion. The adsorption capacities were 147, 172, 191 and 201 mg/g for synthetic niobia at temperatures of 283, 298, 318 and 338 K, respectively.
Adsorption isotherms
Several models have been published in the literature for fitting the experimental data of adsorption isotherms. However, of these, the Langmuir and Freundlich models are the most frequently employed (Snoeyink and Jenkins 1980) . In the present work, both models have been used to describe the relationship between the amount of Cd 2+ ions adsorbed onto synthetic niobia and their equilibrium concentration in solution at different temperatures after 8 h.
The Langmuir and Freundlich constants and the corresponding correlation coefficients (r 2 ) evaluated from these isotherms for the adsorption of Cd 2+ ions are listed in Table 1 . The adsorption characteristics of Cd 2+ ions onto the synthetic niobia followed the Freundlich isotherm model more closely than the Langmuir isotherm model.
The results obtained in the present study have been compared with those for other adsorbents employed for the removal of Cd 2+ ions from aqueous media. According to this comparison, the performance presented by the proposed materials was comparable to and even better than those obtained in previously published studies (Hardiljeet et al. 2011; Semerjian 2010) . 794 É.S. Melo et al./Adsorption Science & Technology Vol. 29 No. 8 
Thermodynamic parameters
The thermodynamic parameters, including changes in the Gibbs' free energy (∆G 0 ), enthalpy (∆H 0 ) and entropy (∆S 0 ), were calculated from the plots of log K c versus 1/T in accordance with equations (6) 
where R is the ideal gas constant [kJ/(mol K)], K c is the equilibrium constant, q eq is the amount of Cd 2+ ions adsorbed from solution onto the adsorbent at equilibrium (mg/ ) and C eq is the equilibrium concentration of Cd 2+ ions in the solution (mg/ ). The calculated thermodynamic parameter values are listed in Table 2 .
The positive values of ∆H 0 suggest that the adsorption process was endothermic in nature, this assumption being supported by the increase in Cd 2+ ion adsorption observed with increasing temperature. The decrease in the Gibbs' free energy with increasing temperature indicates that the adsorption process would be more feasible at higher temperatures. The positive value for ∆S 0 reveals that the degree of freedom at the solid /liquid interface increased during the adsorption process. This might be related to the substitution of water molecules in the hydration sphere of the metal ion by different chelating groups (Hardiljeet et al. 2011) .
CONCLUSIONS
The present study shows that the synthetic niobias were effective adsorbents for the removal of Cd 2+ ions from metal ion-containing aqueous solutions. The results strongly indicate that the adsorption capacities of the adsorbents studied changed with pH and temperature. The maximum Cd 2+ ion adsorption capacity occurred at pH = 4.5.
The experimental data could be fitted by both the Langmuir and the Freundlich adsorption isotherms. The adsorption capacities were found to increase with temperature which, together with the positive enthalpy values, showed that the adsorption process was endothermic. The standard Gibbs' free energy values indicate that higher temperatures would favour the adsorption process. 
